Abstract. A microcosm study was conducted to evaluate the use of anaerobic wetlands preceding aerobic wetlands for removal of Mn, Cu, Ni, Zn, and Pb in wastewater.
INTRODUCTION Due to federal limits placed on
Fe and Mn concentrations in acid mine drainage effluent, considerable research has been conducted on the use of wetlands for removal of these metals.
Monthly averages for Fe and
Mn concentrations generally must be below 3 and 2 mg/L, respectively (Code of Federal Regulations, 1995) . (Hedin et al., 1994) .
The reason for less efficient removal
of Mn is due to slower kinet~c processes in the oxidation of Mn + (Stumm and Morgan, 1981) . Ferrous Fe readily oxidizes to ferric Fe at pH above 3.5 with rapid precipitation of fe~ric Fe oxyhydroxides. Uncatalyzed
Mn+ oxidation does not occur readily until pH >10 (Brezonik, 1994) .
Manganese oxidation can occur quicker
at lower pH from 6 to 9 with autocatalysis from Mn sorption onto Mn oxide precipitates (McBride, 1994) , catalysis via microorganisms (Ghiorse, 1984; Bender et al., 1994) , or Mn sorption onto other solids (Davies and Morgan, 1989 
MATERIALS AND METHODS
The study was conducted inside a greenhouse at the TVA Environmental Research Center in Muscle Shoals, AL. The cells used to simulate anaerobic and aerobic wetlands were insulated ~~1t!e o::e:i;: 6 1:f.ugh;het~::u:::s::;= lined with a 40 mil plastic liner to prevent metal leakage from the galvanized steel.
Each experimental unit consisted of 3 troughs placed in series with the first trough being the anaerobic cell and the second two troughs being the aerobic cells (Fig.  l) .
The troughs were plumbed with PVC pipe so water entered the surface of the first cell, exited at the bottom of the first cell, entered the second cell at the bottom, exited the surface of the second cell, entered the surface of the third cell, and exited on the bottom of the third cell. Surface area of one trough and o~e experimental unit was 0.5 and 1.5 m, respectively.
Volume of one trough and o~e experimental unit was 0.3 and 0.9 m, respectively. Eger, 1992) . The retention time through the limestone layer in the SAPS was approx. 0.7 d which was greater than the retention time of 0.5 d required for maximum alkalinity production (Hedin et al., 1994) . The hydraulic load for the whole experimental unit was 1. 9 cm/d and was within the range of hydraulic loads of 0.9 to 27 cm/d reported for wetland systems treating acid mine drainage (Hedin et al., 1994; Brodie, 1993) .
Approximately once a month for a total of ll sampling periods, water samples were collected for chemical analyses.
Samples were collected in 4 locations at the influent (pl), effluent of anaerobic cells (p2), a 10 cm diameter well in the first aerobic cell (p3), and final effluent from the aerobic cell (p4) (Fig. l) . Another set of water samples were frozen until analyses for S04-S, c, NH4-N, N03-N, and P04-P. Sulfate was determined by ion chromatography. Nonpurgeable organic C was determined by a Dohrmann DC 190 TOC analyzer. Ammonium, N03-N, and P04-P were determined with LACHAT flow-injection analysis.
Alkalinity, pH, and sulfide were determined in water immediately after sampling.
After measuring pH with a glass electrode, total alkalinity was determined via titration to pH 4. 5 with NaOH using the pH electrode to monitor the endpoint.
Water was sampled directly into an Orion SAOB solution at a ratio of 10 mL sample to 10 mL SAOB solution and analyzed with a sulfide ion-selective electrode.
Probes were placed into access wells to monitor dissolved oxygen (DO), temperature, electrical conductivity (EC), and redox. Dissolved oxygen and temperature were monitored with a YSI probe and meter. Electrical conductivity was determined with an Orion probe and meter. Platinum-tipped copper wire electrodes were kept in place for redox measurements. Two redox electrodes were placed into the effluent sump of each anaerobic cell 7. 5 cm from the bottom (p2, Fig. 1 ) and one redox probe was placed in a well in the first aerobic cell 15 cm from the bottom (p3, Fig.  1 ). Another redox probe was placed in a well in the second aerobic cell 15 cm from the bottom near the subsurface effluent header ( see Fig. 1 ). The redox measured from this redox probe was assumed to be the redox of the effluent water (p4 The reference electrode used for redox determination saturated calomel electrode.
was a
The measured redox potentials were adjusted in reference to a standard H2 reference electrode by adding 244 mV to the electrode readings (Stumm and Morgan, 1981) .
There were six experimental units as outlined in Table 1 that were randomly laid out in the study. Data from the anaerobic and aerobic wetlands were analyzed separately to first discern differences among the three anaerobic treatments and then to discern differences among the two aerobic treatments.
In an overview of the whole system ( 
where SI is the saturation index, IAP is the ion activity product in solution, and Ksp is the theoretical solubility product for the solid phase in question (Sposito, 1989) . If Log (SI) were greater than O, the solution was supersaturated with respect to the solid phase.
If Log (SI) were less than O, the solution was undersaturated with respect to the solid phase.
In both these cases, the existence of the solid phase was not likely.
If Log (SI) were equal to O, the solution was in equilibrium with the solid phase and the existence of the solid phase in question was likely. Log (CO 2 , atin) = 7.82 -pH+ log (HC0 3 "). In the anaerobic effluent waters, pH and alkalinity were greater in the SP and CG&SP treatments compared to the CG treatment (Table 1) .
Results and Discussion

Overview of Coupled Anaerobic and Aerobic Cells
The organic matter in the SP and CG&SP treatments was effective in producing highly anaerobic conditions as evidenced by redox less than -170 mV, DO less than 4% saturation, and sulfide concentrations from 19 to 21 mg/L in the effluent waters. The high alkalinity produced in these anaerobic waters resulted in CO2 partial pressures that were supersaturated with respect to atmospheric CO2 of log(C02) = -3. 52 ( The SP treatment did not contain canarygrass, but did contain algae in the surface water. Lower CO2 and higher pH were observed in the SP treatment compared to the CG and CG&SP treatments ( Table 2) • Algae absorbs CO2 during photosynthesis which increases pH (Vymazal, 1995) , Therefore, large differences were not observed between measured and predicted alkalinity in SP during the summer months.
The anaerobic cells effectively removed Mn in influent waters with low effluent Mn concentrations observed at the beginning of the experiment (Fig. 4) The anaerobic waters were undersaturated with respect to MnC03 at the beginning of the experiment. From day 220 to day 400, water from the SP and CG&SP treatments was near equilibrium to supersaturated with respect to MnC03.
From day 300 to day 400, water from CG was near equilibrium to undersaturated with respect to MnC03. Similar Log (SI) values were reported for MnC03 in effluent waters from anoxic limestone The data in Fig. 5 MnC03 or MnS is that the solubilities of the minerals are so high that they support Mn concentrations in water that are unacceptable for discharge (Fig. 4) • Therefore, a subsequent oxidation of the Mn to form Mn oxides is required in an aerobic wetland.
The concentrations of Cu, Ni, Pb, and Zn in the effluent from the anaerobic cells containing organic matter (SP and SP&CG) were always near the detection limit for the ICP ( Table 2) • However, the Ni and Zn concentrations in the anaerobic effluents from the CG treatment increased to 1.1 to 1. 2 mg/L after 120 days and subsequently decreased (Fig. 6) . As in this study, canarygrass growth has been observed to reduce redox levels to very low values in gravel bed wetlands (Zhu and Sikora, 1995; Steinberg and Coonrod, 1994) . Because of this ability to reduce redox levels, canarygrasa was chosen for this experiment to determine if sulfide could be produced in a plantrock system without organic matter. Even though redox levels were low (<200 mV), there must still have been limitations to sulfate reduction due to the low sulfide concentrations observed (Fig. 2) .
The limitation was probably a lack of available c. The greater the solubility, the lower the pe+pH has to be before precipitation of the metal sulfide begins.
The redox levels at pH 7 required to reduce metal activities below 0.1 mM are -24, -62, -94, and -114 mV for cu, Pb, Zn, and Ni, respectively (shown as shaded circles in Fig.  7 ). Although not shown in Fig. 7 The stability diagrams for Ni and Zn concentrations in the CG treatment in Fig. 7 can be used to explain observed changes in Ni and Zn concentrations (Fig. 6) .
At higher pe+pH, ZnC03 appeared to control Zn solubility (Fig.  7) . At the beginning of the experiment, alkalinity was high which would be expected to lower Zn concentrations (Fig. 6) . The redox of the CG effluent water dramatically dropped at day 240 (Fig.  6 ) which resulted in a decrease in pe+pH to levels that predicted zns and NiS controlled ( Fig.  7 ) and lowered Zn and Ni concentrations (Fig. 6 ).
Aerobic Wetland Cells
There were little differences in Mn concentrations in the effluent waters from the aerobic cells treating water from the anaerobic cells containing organic matter when comparing reciprocating and nonreciprocating treatments (Table 3) . However, considerable differences were observed for these parameters in waters taken from the first aerobic cells (Table 3) .
The cells with reciprocation resulted in higher DO, 575 redox, and pH levels in the first aerobic cells compared to nonreciprocating cells.
The high redox and pH levels most likely resulted in lower Mn concentrations in the first reciprocating aerobic cells compared to the first nonreciprocating cells (Table 3) A plot of log Mn activity vs pe+pH was constructed (Fig. 8) Figure 8 . Manganese activities as a function of pe + pH in water sampled from p3 and p4 (see Fig. 1 ) in the aerobic wetland cells for treatments without reciprocation (wo) and with reciprocation (w). Symbols represent experimental data. Lines represent solubility of known solids. The error bar for MnC0 3 represents the range of MnC0 3 solubility for low measured alkalinity (upper boundary) and high measured alkalinity (lower boundary). The upper x axis is the equivalent redox value for the average pH level of7.5. activities appeared to be controlled by a combination of MnS and MnC03-In the effluent waters of the nonreciprocating treatment, the pe+pH levels increased and the Mn activities approached solubility with Mn oxides.
The pe+pH levels were high at both sampling positions in the reciprocating treatment with Mn activities clustered around the Mn oxide solubility lines. The diligent work of Jerry Berry, Danny Williams, and Eddie White in constructing the system and helping to maintain the system is greatly appreciated.
Thanks is also expressed to Alice Baker, the analytical chemist responsible for metal analyses.
